Nitric oxide (NO) 1 is important in physiology and pathology (1) (2) (3) . Three main NO synthases (NOSs) (EC 1.14.13.39) have been characterized in animals: 1) neuronal NOS (nNOS, type I), 2) cytokine-inducible NOS (iNOS, type II), and 3) endothelial NOS (eNOS, type III). Each NOS is distinguished by its tissue location, regulation, and function (4 -10) . However, they all synthesize NO from L-arginine (Arg) by catalyzing two consecutive reactions, which consume a total of 1.5 NADPH and 2 O 2 for each NO formed from Arg (for review, see Refs. [11] [12] [13] . In the first reaction, Arg undergoes hydroxylation to form water and N -hydroxy-L-arginine (NOHA) as an enzyme-bound intermediate. In the second reaction, NOHA undergoes oxidation to generate water, NO, and citrulline (Scheme 1). Both reactions take place within a NOS oxygenase domain homodimer (NOSoxy), which contains two equivalent active sites comprised of iron protoporphyrin IX (heme), the cofactor (6R)-tetrahydrobiopterin (H 4 B), and the substrate binding site (14 -16) . Electrons derived from NADPH are provided to NOSoxy by attached reductase domains, which bind FMN, FAD, and NADPH (17, 18) .
Crystal structures of NOS oxygenase domains (14 -16) show that Arg and NOHA are held directly above the heme, consistent with the heme activating O 2 for their oxidation. Accordingly, O 2 activation in both reactions of NO synthesis is modeled after cytochrome P450 monooxygenase chemistry (Fig. 1) . The transfer of an electron to the ferric NOS heme enables O 2 binding and formation of a detectable ferrous-dioxy specie (Fe II O 2 ) (heme specie I) (19 -23) . The reduction of Fe II O 2 by a second electron is thought to form an iron-peroxo specie (heme specie II), which upon protonation and O-O bond scission can generate water and a high valence iron-oxo specie (heme specie III). The first electron provided to heme comes from the NOS reductase domain, whereas the second electron can come from the reductase domain or from H 4 B (22, 24, 25) .
Because heme species II or III (or related model species) can oxidize Arg and NOHA (24 -28) , it is important to understand the second electron transfer in NOS and how it impacts downstream events like substrate oxidation. Experiments that view a single catalytic turnover are particularly helpful in this regard. In such experiments, ferrous NOSoxy proteins, which contain substrate and H 4 B, are rapidly mixed with oxygenated buffer to start the reaction. The progress of heme intermediates, electron transfer, and product formation are followed by rapid spectral acquisition and chemical quenching techniques. Our single turnover study of the Arg reaction showed that H 4 (34 -36) . Given this limitation, our Trp-457 mutants may provide an alternative approach to investigate H 4 B function in the second reaction of NO synthesis. Therefore, we studied NOHA oxidation under single turnover conditions in wild type, W457A, and W457F iNOSoxy. Our goal was 2-fold. (a) Define consecutive heme transitions that occur during the NOHA reaction and their temporal and quantitative relationship to product formation. (b) Determine whether Trp-457 mutations impact these parameters. Our results provide a kinetic framework for NOHA oxidation by iNOSoxy and are consistent with a redox role for H 4 B in the second reaction of NO synthesis.
EXPERIMENTAL PROCEDURES
Chemicals and Enzymes-DTT was obtained from Sigma. H 4 B and 7,8-dihydrobiopterin (H 2 B) were purchased from the laboratory of Dr. B. Schirck (Jona, Switzerland), NOHA was a gift from Dr. Bruce King (Wake Forest University, Winston Salem, NC). All other chemicals were from Sigma or from sources reported previously (29, 30) . Wild type and mutant iNOSoxy proteins (amino acids 1-498) containing a sixhistidine tag at their C termini were overexpressed in Escherichia coli BL21 using the pCWori vector and purified as reported previously (37) . Concentrations of iNOSoxy proteins were determined from the absorbance at 444 nm of their ferrous-CO complexes, using an extinction coefficient of 76 mM Ϫ1 cm Ϫ1 . Enzyme Solution Preparation-W457A and W457F iNOSoxy proteins were preincubated with H 4 B or H 2 B (as required) on ice overnight before performing experiments because of their lower affinity toward H 4 B (30, 37) . NOHA was added to the protein samples just prior to dithionite reduction to minimize its hydrolysis to citrulline. Mutant and wild type iNOSoxy proteins were reduced to ferrous forms as described previously (29, 30) . The ferric proteins were placed in a cuvette, made anaerobic by repeated cycles of vacuum and N 2 purging, diluted in N 2 -purged Hepes buffer (50 mM), pH 7.5, containing DTT, H 4 B or H 2 B, and NOHA. Graded amounts of a dithionite solution were then added under anaerobic conditions, and heme reduction was monitored spectroscopically. Full heme reduction typically required a slight molar excess of dithionite. All single turnover experiments were performed three or four times using different batches of iNOSoxy proteins prepared in this manner.
Stopped-flow Spectroscopy-Rapid-scanning measurements were carried out in a Hi-Tech (SF-61) stopped-flow apparatus equipped for anaerobic work and coupled to a Hi-Tech MG-6000 diode array detector. Ferrous iNOSoxy proteins prepared as described above were transferred into the stopped-flow instrument using a gas-tight syringe. The reactions mixed equal volumes of anaerobic enzyme solutions with air-saturated Hepes buffer at 10°C. Final (post-mixing) concentrations for wild type iNOSoxy were 14 M protein, 100 M H 4 B or H 2 B, 0.5 mM DTT, and 100 M NOHA. Final concentrations for W457A and W457F mutants were 7-9 M protein, 1.5 mM H 4 B or H 2 B, 3 mM DTT, and 0.5 mM NOHA. Ninety-six spectral scans were obtained after each mixing. Sequential spectral data were fit to different reaction models using the Specfit global analysis program provided by Hi-Tech Ltd. that could calculate the number of different enzyme species, their spectra, and their concentrations versus time during the single turnover reactions. In some cases, reacted samples were collected from the exit loop of the instrument and frozen immediately on dry ice for product analysis by high performance liquid chromatography.
Rapid-quench Experiments-The kinetics of NOHA oxidation during the single turnover reaction was studied using a Hi-Tech RFQ-63 rapidquench instrument as described previously (29, 30) . In general, solutions of ferrous iNOSoxy proteins containing NOHA plus H 4 B or H 2 B were mixed with an equal volume of oxygen-saturated buffer at 10°C followed by rapid quenching with the same volume of 1 N HCl. Reactions contained 0.1-0.13 mM wild type or Trp-457 mutants plus 2 mM H 4 B or H 2 B, 3 mM DTT, 3 mM NOHA, and 0.1 mM L-glutamate as an internal standard. Ferrous protein solutions were prepared as described above for the rapid-scanning experiments. An analysis of amino acids present in the quench-flow reactions was done as described elsewhere (29, 30) with some modifications. Isopropyl alcohol (5 l) was added to each quenched reaction sample (total volume ϳ90 l). The samples were vortexed for 30 min and centrifuged at 10,000 ϫ g for 15 min. The supernatant was removed and had 1 l of 30 mM methyl red added. Acid was partially neutralized immediately prior to analysis by slowly adding 5 N NaOH to each sample until the color changed from pink to yellow.
Product Analyses-Amino acids in aliquots taken from single turnover reactions run in anaerobic vessels from stopped-flow rapid-scanning experiments or from rapid-quench experiments (acid neutralized) were derivatized with o-phthalaldehyde and then analyzed by reverse-SCHEME 1. Reactions catalyzed by NOS. phase high performance liquid chromatography with fluorescence detection (29) . Samples generated in anaerobic vessels or in the stoppedflow instrument were filtered through an Amicon Centricon device (10,000 molecular weight cut-off) prior to derivatization. For high performance liquid chromatography, we used a Hewlett-Packard ODSHypersil column that was eluted with a gradient of buffer A (5 mM ammonium acetate, pH 6.0, 20% methanol) and buffer B (100% methanol). Retention times and concentrations of amino acids were calculated based on NOHA and citrulline standard solutions. Citrulline in samples generated by rapid quenching was quantitated relative to the L-glutamate standard. Nitrite was measured using the Griess colorimetric assay (32) .
RESULTS

Conversion of NOHA to Citrulline in a Single
Turnover Reaction-We first determined the stoichiometry of NOHA conversion to citrulline for wild type iNOSoxy and for the W457A and W457F mutant iNOSoxy proteins. Mechanistic considerations predict that ferrous iNOSoxy should convert one NOHA to citrulline/heme in a single turnover reaction (32, 33, 38) .
Anaerobic samples of dithionite-reduced (ferrous) iNOSoxy proteins containing NOHA plus H 4 B were mixed with O 2 -containing buffer, and the reactions were allowed to go to completion. Wild type iNOSoxy generated 1.0 Ϯ 0.03 (n ϭ 3) citrulline/heme from NOHA in the single turnover reaction. This result matches the stoichiometry we observed for nNOSoxy NOHA reactions run in a similar manner (38) . W457F and W457A iNOSoxy proteins generated 0.54 Ϯ 0.10 (n ϭ 3) and 0.38 Ϯ 0.06 (n ϭ 4) citrulline/heme, respectively. The rank order of nitrite formed in the reactions mimicked citrulline production (wild type Ͼ W457F Ͼ W457A, data not shown). Control experiments run without dithionite or without enzyme produced no citrulline from NOHA, and the addition of superoxide dismutase did not lower product formation (data not shown). Wild type and mutant iNOSoxy reactions that contained H 2 B all produced some citrulline from NOHA (up to 0.4 citrulline/heme), but in these cases SOD addition decreased citrulline production by 60%, suggesting NOHA had reacted in Stopped-flow Analysis of NOHA Reaction by Wild Type iNOSoxy-We next examined heme transitions associated with catalysis during the NOHA single turnover reaction. The solutions of ferrous iNOSoxy containing NOHA and H 4 B were rapidly mixed with O 2 -containing buffer in a stopped-flow spectrophotometer equipped with a rapid-scanning diode array detector, and spectral data were subject to global analysis using software provided by the instrument manufacturer. For wild type iNOSoxy, the spectral data were best fit to an A 3 B 3 C 3 D model with three monophasic transitions, and thus discerned four distinct spectral species. These were in order of appearance the ferrous enzyme, two transient intermediates, and ferric enzyme ( Fig. 2A) (Table I) . Thus, H 4 B also accelerates Fe II O 2 disappearance in the second reaction of NO synthesis, although the -fold enhancement is less than that in the first reaction (Table I) .
Stopped-flow Analysis of NOHA Reaction by W457A and W457F iNOSoxy-Global analysis of spectral data collected during NOHA oxidation by H 4 B-saturated W457F and W457A iNOSoxy mutants showed that it did not fit to the A 3 B 3 C 3 D model developed for wild type iNOSoxy. Instead, it fit well to an A 3 B 3 C kinetic model with two monophasic transitions and thus discerned three spectral species whose features identify them in order of appearance as ferrous enzyme, the Fe II O 2 intermediate, and ending ferric enzyme (Fig. 3, A and  C) . In contrast to the reaction catalyzed by wild type iNOSoxy, there was no evidence for build-up of a Fe III NO product in either Trp-457 mutant reaction as judged by the global fitting analysis. Fig. 3 , B and D, shows the calculated concentrations of the three identified species during the course of the W457F and W457A reactions. The calculated formation and/or decay rates are listed in Table I (Fig. 3, B and D) . Thus, Trp-457 mutations significantly slowed Fe II O 2 disappearance during the NOHA reaction.
We further examined the Fe II O 2 transition to ferric enzyme in the Trp-457 mutant reactions by cross-sectional analysis of their spectral data at 393 and 424 nm. Absorbance at these two wavelengths correlates with the concentrations of ferric enzyme and the Fe II O 2 specie, respectively. Representative traces generated from the NOHA reactions of W457F and W457A iNOSoxy proteins are shown in Fig. 4 whereas the subsequent gain in absorbance at 393 nm and loss at 424 nm reflects conversion of the Fe II O 2 intermediate to ferric enzyme. Absorbance changes at 393 nm or 424 nm during this latter transition were best described by single exponential equations and thus are consistent with a monophasic process without build-up of intermediates. Rates of absorbance change at 424 and 393 nm calculated from cross-sectional analysis for the W457A reaction were 5.5 Ϯ 0.04 (n ϭ 7) and 6.8 Ϯ 0.05 (n ϭ 7), respectively, and for the W457F reaction, rates of absorbance change were 7.9 Ϯ 0.14 (n ϭ 10) and 8.4 Ϯ 0.03 (n ϭ 10), respectively. These values match well the rates determined by global analysis for the Fe II O 2 to ferric heme transition step in each mutant (see Table I Kinetics of Citrulline Formation-We used a stop-quench method to determine the kinetics of citrulline formation in NOHA reactions of H 4 B-saturated wild type and mutant iNOSoxy proteins. respectively. The analysis confirms that W457F and W457A mutants catalyze NOHA oxidation slower than wild type iNOSoxy. In addition, it shows that there is a relatively good match between rates of citrulline formation and rates of Fe II O 2 conversion to Fe III NO product or to ferric enzyme in the wild type and Trp-457 mutant reactions, respectively (see Table I ).
DISCUSSION
Our single turnover investigation defines temporal and quantitative relationships among heme transitions, product formation, and NO release during NOHA oxidation by wild type iNOSoxy. First, for example, Fe II O 2 formation preceded NOHA oxidation in the reaction. Second, the disappearance of the Fe II O 2 intermediate was kinetically coupled to the formation of a Fe III NO product plus citrulline. This transition, which represents k cat for the reaction, was monophasic and thus suggests that catalytic steps thought to occur (Fe II O 2 reduction, reaction with NOHA, and rearrangement to products) are relatively fast and could not be discerned in our analysis. Third, citrulline and NO formation were highly efficient (1 per heme). This finding contrasts with Arg single turnover reactions in which Ͻ1 NOHA/heme is typically produced (22, 29, 34, 38) . Fourth, NO was released from the ferric enzyme as a final step. Together, these results match what we observed during NOHA oxidation by nNOSoxy in a single turnover reaction, although rates of the individual steps differ (38) . Thus, iNOS and nNOS employ a common catalytic strategy for the second reaction of NO synthesis. The fact that product NO bound to the ferric heme prior to its leaving the active site has fundamental impact on cycling of iNOS molecules during steady-state catalysis by the full-length enzyme. Interestingly, nNOS and iNOS differ in how they process their immediate Fe III NO product during multiple turnover, and this difference helps to distinguish their global catalysis as discussed by Santolini et al. (8, 9) .
When compared with wild type iNOSoxy, the Trp-457 mutants exhibited slower rates of Fe II O 2 disappearance, produced less citrulline/heme, and did not generate a spectrally detect- (39, 40) . This problem may be particularly Table I ). Uncoupling through this mechanism would result in less citrulline and NO formed/heme in the single turnover. A slower Fe II O 2 activation would also reduce the build-up of a transient Fe III NO product based purely on kinetic considerations as long as mutant rates of Fe III NO dissociation are similar to wild type iNOSoxy. 2 Thus, a combination of the two effects (greater uncoupling plus slower Fe III NO build-up) may have reduced the build-up of Fe III NO product in the Trp-457 mutant reactions to the point of its being undetectable. The alternative possibility is that the Trp-457 mutants did not generate NO from NOHA. However, the results we obtained with a full-length iNOS W457A mutant show that it does generate NO as detected by hemoglobin assay or by an NO electrode, 3 therefore, we argue against this alternative possibility.
Our current findings can be combined with studies of iNOS Arg hydroxylation (29) and heme reduction (8) to create a basic kinetic framework for enzyme and substrate transitions during the first and second reactions of NO synthesis. Fig. 6 shows that the Arg and NOHA reactions both begin with ferric heme reduction, which is catalyzed by the reductase domain in fulllength iNOS. Ferric heme reduction is relatively slow and limits the rate of product formation from Arg or NOHA in NADPH-driven multiple turnover reactions (8) . This limitation provides a rationale for doing single turnover kinetics starting with ferrous enzyme. The kinetics of O 2 binding by Arg-bound ferrous iNOS have been reported (41) and appear to be similar in NOHA-bound iNOS. 4 The resulting Fe II O 2 intermediates, which form in each reaction appear to have similar electronic properties as judged by their identical light absorbance spectra, although this equivalence may not hold under all experimental conditions (21, 33 (ii) The rate of product formation (k cat ) is three times faster in the NOHA reaction. These differences are discussed below.
Several groups reported that H 4 B ends as a radical in the Arg single turnover reaction, whereas it ends as fully reduced H 4 B in the NOHA reaction (29, 34 -36 Fig. 1 ) that can react with bound NOHA. Moreover, after donating an electron to Fe II O 2 , the H 4 B radical could then act as a one-electron acceptor at a downstream point in the reaction to ensure that NOS generate NO instead of nitroxyl. This concept has been discussed previously (24, 33, 35 Our results also show that k cat of the NOHA reaction is three times faster than the k cat of the Arg reaction in iNOSoxy when measured under identical conditions (29) . Surprisingly, no significant difference in k cat was observed between Arg and NOHA single turnover reactions of nNOSoxy (38) or nNOS (43 an electron more quickly to Fe II O 2 when NOHA is bound in place of Arg in iNOSoxy. There is a precedent in that heme reduction kinetics can be modulated by substrate in cytochrome P450 enzymes (44 -46) . Likewise, the ferric heme reduction rate in iNOS as catalyzed by the reductase domain differs depending on whether Arg or H 4 B are bound (47, 48) , whereas these molecules have much less influence on heme reduction rate in nNOS. 5 The present situation is somewhat different, because the two redox partners in question, H 4 (Table I) . One possible explanation for the NOHA effect was suggested from crystal structure data (16) . A model of NOHA-bound ferric iNOSoxy built to include superoxide coordinated to the heme iron predicts a close contact between coordinated dioxygen and the NOHA hydroxyguanidine group and implies that some readjustment in the active center would be needed for O 2 
